Corals harbor a wide diversity of bacteria associated with their mucus. These bacteria can play an important role in nutrient cycling, degradation of xenobiotics and defense against pathogens by producing antimicrobial compounds. However, the diversity of the cultivable heterotrophic bacteria, especially in the Brazilian coral species, remains poorly understood. The present work compares the diversity of cultivable bacteria isolated from the mucus and surrounding environments of four coral species present along the Brazilian coast, and explores the antibacterial activity of these bacteria. Bacteria belonging to the phyla Proteobacteria, Firmicutes, Actinobacteria and Bacteroidetes were isolated. The mucus environment presented a significantly different bacteria composition, compared to the water and sediment environments, with high abundance of Alcanivorax, Acinetobacter, Aurantimonas and Erythrobacter. No difference in the inhibition activity was found between the isolates from mucus and from the surrounding environment. Eighty-three per cent of the bacteria isolated from the mucus presented antimicrobial activity against Serratia marcescens, an opportunistic coral pathogen, suggesting that they might play a role in maintaining the health of the host. Most of the bacteria isolates that presented positive antimicrobial activity belonged to the genus Bacillus.
INTRODUCTION
Coral reefs are important ecosystems that directly influence marine life and the cycling of nutrients. Despite occupying only 0.2% of the oceans worldwide, it is estimated that the reefs hold 25% of overall marine diversity. Unfortunately, corals are threatened by human impacts such as overfishing, water pollution, seawater acidification and climate changes. For this reason, many studies have been performed in order to improve understanding of the survival of corals exposed to human intervention (Davidson 1998; Moberg and Folke 1999; Bourne, Morrow and Webster 2016) .
It has been suggested that the microbial community of the coral mucus plays an important role as a defensive barrier against pathogens, due to either production of antimicrobial compounds or niche occupation (Rosenberg, Kellogg and Rohwer 2007; Shnit-Orland and Kushmaro 2009) . In addition, the coral microbiota can participate in the cycling of nutrients (Wegley, Edwards and Rodriguez-Brito 2007) and rapidly respond to environmental disturbances (Rosenberg, Kellogg and Rohwer 2007; Thompson et al. 2015) .
Due to the importance of the microbiota for coral health, many studies have focused on the diversity and potential roles of bacteria isolated from different coral species. Padmavathi and Pandian (2014) isolated 22 bacteria from the mucus of the coral Acropora digitifera from the Gulf of Mannar. Six of these isolates were able to produce biosurfactant and belonged to the genera Providencia, Psychrobacter and Bacillus. Pham et al. (2016) analyzed the cultivable bacteria diversity in the soft coral Alcyonium digitatum from the Baltic Sea, and tested the organisms for antimicrobial activity. A total of 251 bacteria were isolated, belonging to 14 different genera, and many isolates (48.6%) presented antimicrobial activity. The production of both biosurfactants and antimicrobial agents can be important strategies used by bacteria against other competitor microorganisms in the coral environment.
The antimicrobial activity shown by bacteria isolated from coral mucus is not only important in terms of ecological interactions within the coral microbial community, but also represents a source of new compounds that could be explored, given the significant increase of antibiotics resistance in human pathogens (Imhoff, Labes and Wiese 2011; Marston et al. 2016) . For example, Radjasa et al. (2008) reported the presence of genes responsible for the production of two main families of secondary metabolites with antimicrobial properties (polyketides and peptides) in 13 bacteria isolated from different coral species in the North Java Sea. Raina et al. (2016) identified a tropodithietic acid with antimicrobial activity in Pseudovibrio ssp. P12, isolated from the coral Pocillopora damicornis.
The compositions of the bacteria communities from corals differ according to the coral species and health status, as well as the sampling procedure (Lins-de-Barros et al. 2013) . Therefore, the isolation of bacteria from different coral species, different individuals and the surrounding environment (water and sediment) could provide better information about the role of the bacteria associated with corals. The aim of the present work was to characterize the diversity of cultivable bacteria associated with the mucus from four Brazilian coral species, as well as the bacteria present in the surrounding environments, in different seasons, and to assess the potential of these bacterial isolates for antimicrobial activity.
MATERIAL AND METHODS

Environmental sample collection
The samples from four coral species (three stony and one soft) were collected during the winter of 2010 and the summer of 2011, at two locations (São Sebastião Channel, S 23
• 51 467 W (Carlos, Torres and Ottoboni 2013) . Samples from Mussismilia hispida (Scleractinia, stony coral) and Palythoa caribaeorum (Zoantharia, soft coral) were collected in the São Sebastião Channel, and samples from Tubastraea coccinea (Scleractinia, stony coral) and Madracis decactis (Scleractinia, stony coral) were collected at Búzios Island. Four colonies of each coral were sampled (10 m from each other). For each colony, collection was made of 10 mL of mucus, 1 l of surrounding water (directly above the colony) and 50 mL of sediment (directly below the colony). The samples were stored on ice during transport to the laboratory.
Microbial isolation
Bacteria were isolated from the mucus, water and sediment samples as described by Ritchie (2006) . Samples of mucus, sediment and water of the four colonies of each coral species were plated on glycerol artificial seawater agar (GASWA) (Smith and Hayasaka 1982) , followed by incubation at room temperature. Bacteria colonies that exhibited different morphologies were selected and re-isolated under the same growth conditions. The purified isolates were stored according to D'Onofrio et al. (2010) . For this, the isolates were suspended in GASWA medium containing 15% glycerol, followed by freezing with liquid nitrogen and storage at -80 • C.
Bacteria identification
The isolates were identified by DNA sequencing of the fragment between the V3 and V6 regions of the 16S rDNA. The PCR primers used to amplify the 16S rDNA fragment were 338F (ACTCCTACGGGAGGCAGCAG) and 1046R (CGACAGCCATGCAN-CACCT) (Huse et al. 2008 • C for 20 min. The PCR products were purified using the GFX PCR DNA and Gel Band Purification Kit (GE Healthcare, Little Chalfont, United Kingdom), and the quality of the amplified DNA was verified by electrophoresis on agarose gel. The PCR products were sequenced on the ABI 3500xL platform (Life Technologies, Carlsbad, California, USA) and the quality of the sequences was checked using DNA Baser software (Heracle BioSoft SRL, Romania). Bacteria identification was achieved by comparison of the 16S rRNA gene sequences against the Ribosomal Database Project (http://rdp.cme.msu.edu/) database, using the RDP classifier tool (Wang et al. 2007 ). The classification was performed using an identity threshold ≥ 80%.
Determination of antimicrobial activity
A total of 144 isolates were randomly chosen and submitted to antimicrobial activity assays, following the procedure of Heindl et al. (2010) , with modifications. For this, pure cultures were inoculated in agar plates, in triplicate, for 48 or 72 h (according to the growth rate of the isolate). The plates were covered with soft GASWA agar (0.6% w/v) containing one of the following indicator strains: Bacillus cereus ATCC 11 778, Escherichia coli ATCC 10 536, Serratia marcescens ATCC 14 756, Staphylococcus aureus ATCC 12 598 or Vibrio parahaemolyticus ATCC 17 802. The presence of inhibition zones was examined on the following day. A qualitative analysis of the level of inhibition presented by the isolates was based on scores from 0 to 3, as follows: 0: no inhibition; 1: little inhibition; 2: partial inhibition; 3: complete inhibition. Isolates that exhibited some level of inhibition for at least one of the indicator strains were considered positive strains for the production of antimicrobial compounds.
Statistical analysis
All the statistical analyses were performed using the PAST software v. 3.15 (https://folk.uio.no/ohammer/past/). The effects of habitat (water, mucus and sediment) and season (winter and summer) were tested using two-way non-parametric multivariate analysis of variance (two-way PERMANOVA), with BrayCurtis similarities of genus distribution. Fisher's exact test was used to compare the frequency of isolates belonging to a determined genus between summer and winter. The t-test was 
Phylogenetic analysis
A maximum-likelihood phylogenetic tree, using partial 16S rRNA gene sequences from isolates that tested positive for antimicrobial activity, was constructed using the MEGA 6.0 tool (Tamura et al. 2013) . The Kimura 2-parameter distance model was used, and 1000 bootstrap sampling was performed to estimate the assurance of the tree nodes.
Nucleotide sequence accession number
The 16S rRNA gene sequences of all the identified isolates were deposited at GenBank/EMBL/DDBJ under accession numbers KY913923-KY914462.
RESULTS AND DISCUSSION
Bacteria were isolated from four different species of coral and the different coral environments, in two seasons (winter and summer). This strategy adopted for sample collection enabled the recovery of a large number of cultivable bacteria associated with the Brazilian coral environments. A total of 900 bacteria isolates (338 isolated in the winter and 562 in the summer) were recovered from the mucus of the four coral species, the surrounding water and the sediment. The number of isolates ranged from 10 (for the sediment close to Madracis decactis in the summer) to 109 (for the mucus of M. decactis in the summer). The large number of isolates obtained in this study enabled access to a wide range of bacterial groups and performance of statistical analyses of microbial ecology. The bacteria isolates were identified by partial sequencing of the 16S rRNA gene, and 466 (51.8%) of them were identified at the genus level (Table 1) . The statistical analyses revealed that both season (winter and summer) and habitat (mucus, sediment and water) were responsible for shaping the taxonomic composition of these communities ( Table 2 ). The effect of coral species on the mucus was not tested due to the low sample size within these groups. Shewanella isolates were more frequently recovered from winter samples (Fisher's exact test, P = 0.271), while Paracoccus isolates were more frequent during the summer (Fisher's exact test, P = 0.271). Our results suggest that the bacteria compositions of the communities from Brazilian coral environments present seasonal patterns.
The identified isolates were allocated into four phyla: Proteobacteria (71.7%), Firmicutes (16%), Actinobacteria (11.4%) and Bacteroidetes (0.8%). The bacteria diversity of the same coral environment samples used in this work was previously analyzed by 16S rDNA pyrosequencing (Carlos, Torres and Ottoboni 2013) , and a high abundance of Proteobacteria was also detected. This phylum has previously been reported in high abundance in different soft (Porporato et al. 2013 ) and stony corals (Lampert et al. 2006; Nithyanand and Pandian 2009) , sponges (Webster et al. 2001) and seawater (González and Moran 1997) . It exhibits a huge phylogenetic diversity, which enables its members to colonize different environments (Williams et al. 2010 ). In the coral microbiome, Proteobacteria have been reported to produce antimicrobials and to induce larval settlement (Rypien, Ward and Azam 2010; Ceh, vanKeulen and Bourne 2013; Phan et al. 2016) , suggesting an important role for this group of bacteria in the maintenance of coral health. Among the Proteobacteria, Gammaproteobacteria (64.1%) and Alphaproteobacteria (35.9%) were the most abundant classes. Gammaproteobacteria were distributed in all the coral environments and were the most abundant group of cultivable bacteria in the M. hispida and M. decactis mucus samples. Alphaproteobacteria were especially abundant in the mucus environments of Palythoa caribaeorum and Tubastraea coccinea. The high proportions of these families in the coral mucus could be indicative of the importance of these bacteria for the coral microbiome, independent of the coral species or the presence of a calcium carbonate skeleton (stony or soft corals).
In a previous study using 16S rDNA pyrosequencing (Carlos, Torres and Ottoboni 2013), the Gammaproteobacteria class was more abundant in the sediment and mucus samples of P. caribaeorum, T. coccinea and M. hispida, while Alphaproteobacteria were dominant in the surrounding water samples of the four coral species analyzed. In this work, a high proportion of Betaproteobacteria was also observed in the coral mucus samples of the four coral species, although it was not possible to isolate cultivable bacteria of this class from the coral environment samples. The divergences between culture-dependent and independent methods are common due to the sampling procedure, the isolation media used and/or the technique employed to identify the microorganisms (Lins-de- Barros et al. 2013) . However, these techniques are complementary and they could provide more information about the bacteria community present in the environment.
Vibrio, Bacillus, Staphylococcus, Pseudovibrio and Shewanella represented 4% of the identified genera, and these organisms were recovered from all the different coral environments (Fig. 1) . These genera were reported previously in several studies of the cultivable bacteria associated with corals and other marine animals. Moreira et al. (2014) , for example, isolated the genera Vibrio, Bacillus and Pseudovibrio, among others, from M. decactis. Heindl et al. (2010) also found strains of Shewanella and Vibrio in bryozoan species. Gontang, Fenical and Jensen (2007) isolated bacteria from marine sediments in the Republic of Palau and found many OTUs associated with Bacillus and Staphylococcus. The presence of these genera in different marine environments and coral species may indicate the broad adaptability of these bacteria as well as their importance in the marine ecosystem. Erythrobacter and Paracoccus (16.7%) were only recovered from the mucus and surrounding water, while Microbulbifer (4.7%) was only found in the surrounding water and sediment (inserted in the category 'Other' in Fig. 1) .
The mucus environment presented not only the highest number of bacteria isolates but also the greatest number of exclusive genera (20). The genus Alcanivorax (14 isolates), commonly associated with oil degradation, was only found in this environment. Other genera only recovered from mucus were Acinetobacter (10 isolates) and the coral pathogen genus Aurantimonas (4 isolates). Compared to the mucus environment, the water and sediment environments presented smaller numbers of exclusive genera, with only seven and six, respectively (Fig. 2) .
Based on these results, it can be seen that the mucus presented a distinct microbial composition, with a large number of exclusive genera, when compared to the surrounding water and sediment. The mucus layer is composed of polymeric glycoproteins and lipids, which many coral-associated microbes can use for nutritional purposes and protection (Bythell and Wild 2011) . For this reason, it is common to recover many isolates from the coral mucus, with a few overlaps with the coral tissues (Nithyanand and Pandian 2009) , the surrounding water (Lampert et al. 2006 ) and the sediment (Porporato et al. 2013) .
The order Oceanospirillales was very abundant in the coral mucus samples analyzed. This group of bacteria is involved in the degradation of hydrocarbons and other pollutants. Hazen et al. (2010) studied the microbiota associated with an oceanic hydrocarbon plume in the Gulf of Mexico, where the order Oceanospirillales dominated the microbial community of oilcontaminated water samples. In the control samples (noncontaminated water), however, the proportion of this group of bacteria was low. A specific genus of this order, Alcanivorax, is very important in oil-spill remediation in marine environments, due to its ubiquitous distribution in different habitats (superficial water and animals) and its remarkable ability to degrade hydrocarbon derivatives (Cappello and Yakimov 2010) . Cappello et al. (2007) conducted oil spill bioremediation assays using marine mesocosms, and it was found that the relative abundance of Alcanivorax changed from 11% at the beginning of the experiment to 78% at the end of the experiment, demonstrating the importance of this group of bacteria in the hydrocarbondegrading community. In the present work, this genus was only found in the mucus environment, during the summer, which could have been due to the increased traffic of ships during this period, with the release of fuel causing environmental contamination (Castro and Pires 2001; de Paula and Creed 2004) .
Also during the summer, isolates identified as Aurantimonas were recovered from the mucus samples of M. hispida, P. caribaeorum and Tubastrea sp. This bacterium is commonly recognized as a coral pathogen, causing a disease known as plague type II in scleractinian corals. The species Aurantimonas coralicida, for example, was responsible for the disease that affected about 10% of the coral reef of northern Florida (Denner et al. 2003; Rosenberg, Kellogg and Rohwer 2007) . Remily and Richardson (2006) found that the growth of A. coralicida was favored at 35
• C, which is a similar temperature to that observed here during the summer. At this temperature, the bacterium not only exhibits an optimal growth rate, but also extends its pH tolerance range, hence expanding its ecological niches. In addition, factors such as climate change and marine pollution may increase the susceptibility of corals and facilitate the infection by Aurantimonas. The presence of this genus in the mucus, during the summer, in the different coral species analyzed in this work may be an indication of environmental disturbances and pollution in the coral habitats. Several Erythrobacter isolates (45 isolates) were also recovered from the mucus. The Erythrobacter genus is commonly associated with corals and is involved in crude oil degradation (Al-Dahash and Mahmoud 2013) . Furthermore, some Erythrobacter strains have been found capable of effectively inhibiting the coral pathogen Vibrio coralliilyticus in the coral Pseudopterogorgia americana (Vizcaino et al. 2010) , which suggests an important role for this genus in the maintenance of coral health.
A wide diversity of bacteria is found in the coral environment, and many of these might bacteria produce antimicrobial agents for survival purposes. Therefore, several isolates from the different coral environment samples obtained in the summer were tested for the presence of antimicrobial activity. Among these isolates, 55 showed inhibitory activity against one or more of the indicator strains. A total of 47 isolates showed activity against Serratia marcescens, which was the most inhibited strain, followed by Vibrio parahaemolyticus (13 isolates), Staphylococcus aureus (11 isolates), Bacillus cereus (9 isolates) and Escherichia coli (5 isolates). Most of the isolates that showed positive results belonged to the genera Bacillus (23.6%), Paracoccus (16.4%) and Erythrobacter (10.9%) (Fig. 3) . No significant differences were found between the isolates from mucus and the surrounding environment in terms of average inhibition score or the number of test strains inhibited (t-test, P > 0.05). This could be explained by the low number of isolates tested from the surrounding environment (n = 11). Further comprehensive surveys are needed to determine whether corals harbor more bacteria with antimicrobial activity compared to their surrounding environments.
Many strains of S. marcescens are known as opportunistic pathogens responsible for white pox disease, a coral tissue necrosis, in marine animals such as the coral Acropora palmata (Patterson et al. 2002) and the anemone Aiptasia pallida (Krediet et al. 2014) . In order to successfully infect the coral, this pathogen has to colonize the coral mucus layer, utilizing the complex polymers of the mucus as carbon source (Krediet et al. 2009 (Krediet et al. , 2013 . During the colonization, the commensal bacteria present in the coral mucus can prevent the complete establishment of S. marcescens by niche occupation or antimicrobial production (Krediet et al. 2013) . We found a wide diversity of bacteria among the mucus isolates that were able to inhibit the growth of S. marcenscens (Fig. 3) . These results support the hypothesis that the members of the mucus microbiota may play a host defense role.
The sediment isolate SM22S-09, identified as Bacillus sp., was capable of completely inhibiting the growth of all the indicator strains. The isolates BT21M-09 (Staphylococcus sp.) and SM22M-03 (Idiomarina sp.) completely prevented the growth of three indicator strains. The isolate BT21M-09 inhibited the growth of B. cereus, E. coli and S. marcescens, while SM22M-03 inhibited B. cereus, S. marcescens and St. aureus. The coral mucus represents a huge source of nutrients for heterotrophic marine bacteria. Therefore, the ability to produce inhibitory compounds could also represent a competitive strategy of the mucus bacteria community (Penesyan, Kjelleberg and Egan 2010; Brown, Bourne and Rodriguez-Lanetty 2013) .
Finally, Bacillus was found to be one of the genera with antimicrobial activity (23.6% of the tested isolates) in the coral environment samples. This genus has been reported in many studies as an abundant group in different coral species, and has been found to be a leading producer of antimicrobial compounds (Pham et al. 2016) , suggesting the importance of this group of bacteria for protection of the host against pathogens.
CONCLUSIONS
By varying the coral species, the coral environment and the season of sampling, it was possible to observe a high diversity of cultivable bacteria associated with Brazilian corals. The results highlighted the importance of the classes Alphaproteobacteria and Gammaproteobacteria within the coral microbiome community. These classes were especially abundant in the coral mucus, where they may play an important role in the maintenance of coral health. The mucus environment presented the largest and most diverse bacterial community, probably due to its rich content of carbon sources, which contributed to the establishment of complex communities and promoted direct interaction with the coral. The presence in the mucus, during the summer, of the oil-degrading isolates Alcanivorax and Erithrobacter, as well as the coral pathogen Aurantimonas, suggests that these microorganisms could be used as biological markers for seawater pollution and the risk of emergence of coral diseases, during this period of the year. Finally, many isolates presented antimicrobial activity, especially those isolates identified as Bacillus, indicating that the coral environment microorganisms could be explored for new antimicrobial compounds.
